In this study, physical properties of copper sulfide thin films deposited on glass substrates by spray pyrolysis method at different temperatures (260°C, 285°C and 310°C) were investigated. The influence of annealing time on the physical properties of grown layers was also studied. According to FESEM images, the sizes of the compact copper sulfide grains were varied from about 100 nm to 60 nm. Hall effect and resistivity measurements confirmed that all samples had p-type conductivity. The XRD patterns showed that, together with the dominant digenite phase (Cu 1.8 S) in all samples, the copper-rich phases also appeared as a result of increasing substrate temperature. The optical UV-Vis spectra analysis showed that due to increasing the substrate temperature, the band gap of the layers was reduced from about 2.4 eV to 2.0 eV. We found that as a result of annealing at 400°C for 1.5 h in Ar atmosphere, the sample which was initially grown at 310°C with the highest copper content, totally transformed into the polycrystalline monoclinic chalcocite phase (Cu 2 S) with 3D nanoporous architecture.
Introduction
Thin layers of copper sulfide (Cu x S, 1 x 2), due to their special optical and electrical properties, have received much attention, as one of chalcogenide semiconductors, in many applications such as thermoelectric cooling materials [1] , sunlightabsorbing layers [2] [3] [4] [5] [6] [7] , electro-conductive coatings [8] and chemical sensors [9] . These properties are often dependent on the type of structure and stoichiometry of the chemical composition. The copper-poor phase (CuS) shows a metallic conductivity, and the copper-rich phase (Cu 2 S) is typical of more resistive layers. For example, in Cu x S compositions the resistivity of layers ranges from 10 Ω·cm to 10 −4 Ω·cm for x = 2 to x = 1 [10] . Also a direct band gap of 1.25 eV to 3.2 eV has been reported for samples with different phases and compositions prepared by different techniques under different conditions [2, 11, 12, [14] [15] [16] . Thin layers of copper sulfide contain five * E-mail: roshanrafiei@yahoo.com stable phases at room temperature including: covellite (CuS), analite (Cu 1.75 S), digenite (Cu 1.8 S), djurleite (Cu 1.95 S) and chalcocite (Cu 2 S) [17] [18] [19] [20] [21] [22] [23] . The formation of each of these crystalline phases depends on different parameters such as deposition temperature, chemical composition of the materials, growth method, etc.
For the deposition of thin CuS layers, various physical and chemical methods, including chemical bath deposition (CBD) [2, 15, [24] [25] [26] , vacuum evaporation [27] , successive ionic layer adsorption and reaction (SILAR) [18, 28] and spray pyrolysis deposition [6, 11, 16, [29] [30] [31] [32] have been used. These different methods mainly affect the morphology of copper sulfide samples. For example, samples with flower-like [18] , nanowire [33] and star-like [34] morphologies have been prepared by various synthesis methods. Among those, most copper sulfide nanostructures prepared by spray pyrolysis technique have a relatively uniform surface with spherical nanoparticles [6, 11, 16, 30] .
In this study, copper sulfide samples were deposited on glass substrates by spray pyrolysis technique at various temperatures. The effect of annealing time on the copper-rich sample was also investigated.
Experimental
To prepare thin layers of copper sulfide by spray pyrolysis technique, 100 mL aqueous solution containing 0.06 M copper acetate Cu(CH 3 COO) 2 ·H 2 O (99.9 % Merck) and 0.05 M thiourea CS(NH 2 ) 2 (99.9 % Merck) was prepared. The solution was deposited on glass substrates at different temperatures of 260°C, 285°C and 310°C and the samples were designated as T1, T2 and T3, respectively. Before deposition, the substrates were cleaned with boiling distilled water and then degreased with acetone and ethanol solution in an ultrasonic device. Other deposition parameters including the pressure of the carrier gas, hot plate rotation speed and nozzle-tosubstrate distance, were fixed at: 250 kPa, 30 rpm and 33 cm, respectively [11, 16, 31, 35] .
The surface morphology of the samples was studied using a Mira 3-XMU field emission scanning electron microscopy (FESEM). For structural characterization of the samples X-ray diffraction (XRD) D8 Advance Bruker system with CuKα radiation λ = 1.5405 Å was used in the 2θ range of 10°to 70°. To investigate the optical properties, the absorbance and transmittance spectra of the samples were recorded on a UV-Vis-Shimadzu-1800 spectrophotometer in the wavelength range of 300 nm to 1100 nm. Finally, the majority carrier type, their density and mobility, could be determined by Hall effect, in van der Pauw configuration, and resistivity measurements. Fig. 1 shows the FESEM images of samples prepared on glass substrates at different temperatures. As seen, the size of CuS grains in T1 is about 100 nm. With increasing the substrate temperature, the grains were isolated and gradually tended to smaller porous grains of 80 nm and 60 nm on the surface of T2 and T3, respectively. Fig. 2 shows the XRD patterns of the grown copper sulfide layers. As it is apparent, the sample prepared at substrate temperature of 260°C T1 contains several phases with the dominant digenite phase (Cu 1. According to these data, with increasing the substrate temperature the copper-rich phase appears. Due to the fact that the digenite phase is the dominant phase in all three samples and the peak related to (1 1 0) plane could be considered as the preferred direction, the corresponding data were used to calculate the average crystallite size D, using Scherrer formula [9, 36, 37] :
Structural properties
where λ is the wavelength of the X-ray beam, β is the full width at half-maximum (FWHM, in radians) and θ is the Bragg angle of the diffraction peak. Also the dislocation density and the induced crystal strain of the samples were calculated using equation 2 and equation 3, respectively [38, 39] :
The final results are shown in Table 1 .
Electrical properties
To evaluate the majority carrier type, the density and mobility, Hall effect and resistivity measurements were carried out at room temperature. Majority carrier concentration (N n,p ) was obtained using equation [40] :
where I, B, q, V H and d are the current, magnetic field = 300 mT, electron charge, Hall voltage and film thickness, respectively. The sign of Hall voltage indicates the type of majority carriers, + for holes and − for electrons. Our measurements showed all samples had p-type conductivity, which was in good agreement with other reports [9, 10, 41] . According to the literature reports, the origin of this conductivity in pure copper sulfide layers is mainly due to the presence of copper vacancies V Cu in the crystal lattice, acting as acceptor-like states in the band gap of the material [6, 42] . Fig. 3 shows the evaluated hole density p, hole mobility µ and resistivity ρ of the samples. According to these data, although the carrier mobility has not significantly changed (in the range of 40 cm 2 /V·s to 100 cm 2 /V·s), the hole density, especially in T3 decreased significantly and changed from ∼1 × 10 21 cm −3 in T1 and T2, to about 3 × 10 18 cm −3 in T3 (almost three orders of magnitude lower). This huge change in carrier density can be due to the increment of copper atoms in the crystal lattice of this sample T3 leading to the formation of djurleite phase (Cu 1.96 S), as compared to other two samples. Fig. 4 shows the transmittance and absorbance spectra of the samples, respectively. As seen, the transmittance spectra follow a Gaussian-like shape with maximum values of about 5 % to 6 %, which could be due to the presence of porosity [43] in the grown samples, shown in Fig. 1 . In addition, Fig. 2 . The X-ray spectra of the studied thin films with the dominant digenite phase (Cu 1.8 S). As it is shown extra phases appear at different substrate temperatures. Fig. 3 . The variations of resistivity ρ, hole density p and hole mobility µ in the samples.
Optical properties
the low transmittance of the samples could be attributed to the relatively high thickness (about 300 nm), small crystallite size and high crystalline strain of the layers (Table 1 ). All these factors may tend to increase the scattering of the photons within the deposited films. In addition, two falling trends are also present in the transmittance spectra of the layers. As expected, reduction in the transmittance spectra in short wavelengths region (high photon energies) could be mainly influenced by the absorption of photons due to electronhole excitation between the levels within the band gap and/or the inter-band excitations. On the other hand, reduction in the transmittance spectra in long wavelengths region (low photon energies) could be related to the free carrier absorption and the occurrence of plasma oscillations. According to the relevant theory, with decreasing the carrier density the characteristic quantity of this phenomenon, i.e. the plasma wavelength λ p extends towards longer wavelengths. This is clearly evident in the transmittance spectrum of T3. These results are also consistent with incremental variations in the absorbance spectra in long and short wavelengths regions, as shown in Fig. 4b . The direct band gap E g of the samples can be calculated using the absorbance (Fig. 4b ) spectra of the layers and the Beer-Lambert theory [6] :
where A is a constant. It can be found by plotting (ahν) 2 versus hν and extrapolating the straight portion to the energy axis, i.e. (ahν) 2 = 0, (Fig. 5) . As seen, with increasing the substrate temperature, the band gap of the sample T1 decreases from 2.41 eV to 2.30 eV in T2, and finally to 2.01 eV in T3. The reduction in the band gap can be due to the formation of new crystalline phases in these layers, as confirmed by the XRD patterns. According to the literature reports [2, 28] , the direct band gap of copper sulfide in its copper-rich phases (Cu 1.8−2 S) is smaller than in its copper-poor phases (Cu 1−1.8 S) that is consistent with our results. 
The effect of annealing time on copper-rich copper sulfide sample
Considering the formation and appearance of new crystalline phases with increasing substrate temperature, the effect of annealing on T3 sample, containing copper-rich phase (Cu 1.9 S), was chosen to provide favorable conditions to improve its physical properties towards higher copper-rich phases, i.e. Cu 2 S. For this purpose, the sample was annealed at 400°C in the presence of argon flow in two conditions: 1 h (T3-a1.0) and 1.5 h (T3-a1.5) and the physical properties of these samples have been studied. Fig. 6 shows the surface morphology of T3, before and after annealing. Clearly, with increasing annealing time the surface grains became finer and their sizes were reduced from about 50 nm to 30 nm and the porosity increased as the annealing time was increased from 1 h to 1.5 h. Such a porous nanostructure is highly attractive in designing gas sensors [9, 44] or catalysis [45] because porous structure is clearly far more favorable for the diffusion of gas molecules in gas sensors. On the other hand, the high porosity improves the catalytic performance of the nanostructure because of rapid diffusion of reactants and better accessibility of the reactants to the active sites. Fig. 7 shows the effect of annealing on the XRD pattern of sample T3. As seen, the crystallinity of the digenite phase in T3-a1.0 (Cu 1.8 S) was improved and some peaks related to the djurleite phase (Cu 1.96 S) started to appear. Interestingly, these changes continued with increasing the annealing time to 1.5 h (sample T3-a1.5) so that the digenite and djurleite phases were completely removed and only the single-phase monoclinic polycrystalline chalcocite (Cu 2 S, JCPDS Card No. 33-0490) has appeared. With regards to the increasing porosity of the samples (Fig. 6) , it seems that copper-rich phase (Cu 2 S) appeared due to the evaporation of sulfur in sample T3-a1.5, which is in good agreement with the results of XRD patterns.
Surface morphology

Structural properties
The average size of crystallites in the annealed samples was calculated using the Scherrer formula (Table 1) , and the results show their sizes increased. The changes in the crystallite size with increasing the copper-rich phase in the sample can affect the electrical and optical properties of the layer as it is discussed in the following section.
Electrical properties
The effects of annealing time on the electrical properties of the samples were evaluated by Hall effect and resistivity measurements. Fig. 8 shows hole density, hole mobility and resistivity of the samples before and after annealing. As expected, with increasing the average crystallite size after annealing the hole mobility has increased (about 1.5 times and 2 times, respectively). Meanwhile, with increasing the copper-rich phase in the annealed samples the hole density has decreased from ∼3 × 10 18 cm −3 in T3 to ∼6 × 10 17 cm −3 in T3-a1.0 and then to ∼4 × 10 17 cm −3 in T3-a1.5 sample.
These results are consistent with gradual decrease in the density of acceptor-like states originating from V Cu in the lattice, tending towards the growth of copper rich layers, i.e. Cu 2 S phase. Fig. 9 shows the transmission and absorbance spectra of T3 before and after annealing. As seen, with decreasing the hole density of the annealed samples, light absorption by free carriers in the long wavelength region has decreased and thus transmission through the layers has increased, which is a confirmation for the free carrier absorption by plasma oscillation effect.
Optical properties
The band gap of each annealed sample was also calculated using equation 5. The results are shown in Fig. 10 . As shown, the direct band gap of the sample decreased from 2.01 eV to 1.94 eV and then to 1.23 eV with increasing the annealing time. The value obtained for the sample T3-a1.5 is consistent with the results of other researchers who reported the band gap of 1.25 eV to 2.53 eV for chalcocite copper sulfide [13, 18, 25] . 
Conclusions
In this research, nanostructures of thin layers of copper sulfide (Cu x S, x = 1 to 2) were deposited on glass substrates by spray pyrolysis technique at various substrate temperatures of 260°C, 285°C and 310°C and their conversion to copper-rich phases (Cu 1.96 S and Cu 2 S) by annealing in an argon atmosphere was studied. The surface morphology of the layers indicated that with increasing the substrate temperature, the grain sizes became finer and gradually changed from 100 nm to less than 50 nm. X-ray diffraction patterns of the samples indicated the formation of the dominant digenite phase. We found that samples tended to grow with the copper-rich djurleite phase together with a significant reduction in the hole density (about 3 orders of magnitude) by increasing the growth temperature. In addition, the band gap was decreased from ∼2.4 eV to 2 eV. Annealing the sample grown at 310°C at the temperature of 400°C for 1.5 h, transformed it into polycrystalline monoclinic chalcocite (Cu 2 S) phase and increased the sample porosity.
